• The effects of process temperature, time and solution concentration on osmo-dehydration of pork meat • Analyzed system's responses: water loss, solid gain, and water activity • Optimal osmotic conditions determined using RSM & superimposing the contour plots of each variable • Solids and water transfer transport coefficients & energy of activation for all samples determined
in contact with a concentrated solution (salt, sugar, acids, seasonings, etc.) [2] .
One of the potential preservation techniques for producing products with low water content and improved nutritional, sensorial and functional properties is osmotic dehydration. During osmotic dehydration, partial removal of water content from plant or animal tissue is achieved by osmotic pressure difference between product and hypertonic solution, which are in direct contact. Mass transfer is caused by a difference in osmotic pressure: water outflow from product to solution, solute transfer from solution into the product, and leaching out of the products own solutes [3] .
Osmotic dehydration is an environmentally acceptable method, with its ultimate aim of keeping the initial characteristics of the final product, which received considerable attention because of the low processing temperature, low waste material and low energy requirements [4, 5] . Removal of water in liquid form, use of mild temperatures and osmotic solution reusability are the main advantages of osmotic dehydration process in comparison with other drying treatments [6, 7] .
The application of osmotic dehydration in food industry has many advantages: improvement of texture, flavor and color, no chemical pretreatment, energy efficiency, providing stable and quality product [8] . Mass transfer mechanism and quality of the final product are affected by many factors such as composition and concentration of osmotic agents, immersion time of the product in the solution, agitation/circulation of osmotic solution, operating temperature, solution to sample ratio, nature and thickness of food material and pre-treatment [9] [10] [11] .
The kinetics of water removal and solid gain is greatly influenced by the type of osmotic agent. Ternary aqueous solutions containing salt and sugar are usually used as osmotic agents for meat dehydration [2, 12] . The use of a ternary system (water/ /sugar/salt) in the osmotic dehydration of fruits has been studied by some researchers [13] [14] [15] [16] and the results have shown that higher rates of water loss are achieved when salt is added, even with solutions with low concentrations of solutes [13] . Most of the articles published using the ternary solution provide only diffusion of solids, through determination of total solids by a gravimetric method, without analyzing separately the diffusion of the two solutes used in the solution [13] [14] [15] 17] .
According to Bohuon et al. [18] , the use of ternary solutions presents some advantages in the osmotic dehydration process, such as higher levels of dehydration without excessive over-sweetness or over-salting the product and without reaching the limits of saturation. Moreover, these authors reported that a poor understanding of the mechanisms involved in three simultaneous flows (water removal and salt and sugar penetration) inside the product has hindered the development of industrial applications of osmotic dehydration with ternary solutions.
Recent research has shown that use of sugar beet molasses as a hypertonic solution improves osmotic dehydration processes [19] . Sugar beet molasses is an excellent medium for osmotic dehydration, primarily due to the high dry matter (80%) and specific nutrient content. From the nutrient point of view, an important advantage of sugar beet molasses use as a hypertonic solution is enrichment of the food material in minerals and vitamins, which penetrate from the molasses into the plant tissue [20, 21] . The presence of complex solute compositions maintains a high transfer potential favorable to water loss, and at the same time by the presence of sugar, salt impregnation is hindered [22] . High salt concentrations decrease the water holding capacity, which contributes to meat dehydration and shrinkage while there is no swelling of muscle fibers or myofibrils [1, 23] .
In literature, although there is a lot of information about osmotic dehydration of plant material, there is little information available about osmotic dehydration of meat and none about osmotic dehydration of meat in molasses. Preliminary sensory analyses have shown that meat processed in osmotic solution that is a mixture of ternary aqueous solution and molasses have given more satisfactory sensory results in comparison to the meat dehydrated in each of the osmotic solutions separately. The use of sugar beet molasses, as constituent of the osmotic solution during osmotic dehydration improves the nutritional profile of pork meat, which chemical composition after the process is in optimal range for human health [24] .
The specific objective in this study was to examine the influence of complex osmotic solution, its concentration, temperatures and immersion times on the efficiency of osmotic dehydration process of pork meat. Response surface methodology is used for optimizing the process parameters.
EXPERIMENTAL
Pork meat (M. triceps brachii) was purchased at the butcher shop "Mesara Štrand" in Novi Sad, just before use. Initial moisture content of the fresh meat was 72.83%. Before the osmotic treatment, whole muscle (Musculus triceps brachii, 24 h post mortem, with removed fat tissue), was cut into 1 cm 3 cubes, and then homogenized before the samples were taken for the process. Sugar beet molasses, with inital dry matter content of 85.04%, was obtained from the sugar factory Pećinci, Serbia. Terenary Aqueous solution (TAS) of sodium сhloride and sucrose was made from the commercial sucrose and NaCl in the quantity of 1200 g/kg, and 350 g/kg, respectively, in distilled water [25, 26] . Osmotic solution used in this research was prepared by mixing molasses and TAS in mass ratio 1:1. Distilled water was used for dilution of osmotic solution. The osmotic solution concentrations were 52.5, 61.25 and 70 mass%. The sample to solution mass ratio was 1:5. The process was performed in laboratory jars at temperature of 20, 35 and 50 °C under atmospheric pressure, in a constant temperature chamber (KMF 115 l, Binder, Germany). Meat samples were stirred every 15 minutes to facilitate movement of water that had diffused from the center of the meat cube to its surface and allowing better homogenisation of the osmotic solutions. The processing conditions, regarding steering, intesity, duration and frequency of stirring, were the same for all concentrations of osmotic solutions at all temperatures, so the results could be comparable.
After 1, 3 and 5 h, the samples were taken out from osmotic solutions to be lightly washed with water and gently blotted to remove excessive water. Process variables were coded, according to Box and Behnken's full factorial experimental design (3 level-3 parameter), with 27 runs, and the values assigned were -1 for the low values, 0 for the medium values, and +1 for the high values of the temperature, time and concnetration.
Dry matter contents of the fresh and treated samples and osmotic solutions were determined by drying the samples of meat and solutions at 105 °C for 24 h in a heat chamber until constant mass was achived (Instrumentaria Sutjeska, Serbia). All analytical measurements were carried out in accordance to AOAC [27] . Water activity (a w ) of the osmotic dehydrated samples was measured using a water activity measurement device (TESTO 650, Germany) with accuracy of ±0.001 at 25 °C.
Osmotic dehydration
In order to describe the mass transfer kinetics of the osmotic dehydration, experimental data from three key process variables are usually obtained: moisture content, change in weight and change in the soluble solids. Using these, water loss (WL) and solid gain (SG) were calculated for different solutions and processing times [3] :
where m i and m f are the initial and final mass (g) of the samples, respectively; z i and z f are the initial and final mass fraction of water (g water/g sample), respectively; s i and s f are the initial and final mass fraction of total solids (g total solids/ g sample), respectively. The mass loss during osmotic dehydration can be evaluated by subtracting SG from WL.
The moisture content in dry matter at any time can be calculated by dividing subtract of initial water present, and water loss, with initial dry solids [28] . Similarly, the solid content, on dry basis at any time, can be calculated as the ratio of subtract of initial dry solids and solid gain with initial dry solids [28] .
Peleg equation
Azuara et al. [29] calculated WL and SG during osmotic dehydration using equations with two parameters obtained from mass balances. The Peleg equation was also used in some research instead of equilibrium approach equation [30] [31] [32] [33] [34] . In this paper, Peleg's equation is expressed in terms of WL or SG change. In the following equations, Y represents WL or SG:
where k 1 Y and k 2 Y are Peleg constants for WL or SG.
The Peleg capacity constant k 2 relates to minimum attainable moisture content. As t→∞, Eq. (5) gives the relation between equilibrium WL ∞ or SG ∞ and k 2 , as follows:
When evaluating the effective diffusivities of water and solids (D ew and D es ), the meat cube is considered as a perfect cube with initially uniform water and solid contents. In that case, the solution for Fick's equation for constant process conditions, for long osmotic dehydration time can be written in logarithmic form as follows [35] : (6) where M r and S r are the moisture and solute ratio; D ew and D es are effective diffusivities of water and solute, respectively; L is the sample length, m, t is the time, s.
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Response surface methodology
Response surface methodology (RSM) was selected to estimate the main effect of the process variables on mass transfer variables, during the osmotic dehydration of pork meat cubes (1 cm 3 ). The accepted experimental design was according to Box and Behnken's full factorial design. The independent variables were temperature (X 1 ) of 20, 35 and 50 °C; osmotic time (X 2 ) of 1, 3 and 5 h; X 3 is the concentration of osmotic solution concentrated to 52.5, 61.25 and 70 mass%, according to [19] [20] [21] , and the dependent variables observed were the response: WL (Y 1 ), SG (Y 2 ), and a w (Y 3 ). The experimental data used for the optimization study were obtained using a central composite full factorial design (3 level-3 parameter) with 27 runs (1 block). The variables osmotic temperature, treatment time, and solution concentration were coded as X 1 
The following second order polynomial (SOP) model was fitted to the data. Two models of the following form were developed to relate four responses (Y) such as WL and SG to four process variables (X): [36] . The model was obtained for each dependent variable (or response) where factors were rejected when their significance level was less than 95%. The graphs of the responses with significant parameters were superimposed to determine optimum drying conditions, plotted on optimization graphic. After the optimum conditions were established, separate experiments were performed for model validations of the models.
The RSM study was conducted to determine the optimum osmotic dehydration conditions for pork meat cubes dehydration process. In order to simplify the complex computation, the following assumptions were used in the development of the models: samples of pork meat are cube shaped, initial water and solute concentrations in the pork meat samples are uniform, the process is isothermal, the diffusion of water from the pork meat and the diffusion of sugar beet molasses, sucrose and salt into the pork meat are only considered. Other mass transfer does not occur, shrinkage is neglected, and external resistance to mass transfer is negligible.
Effective diffusivity
The effective diffusivity, D e , was calculated at each corresponding moisture/solid content and time in this article. The average effective diffusivity, D e,avg , was calculated from positive D e obtained using the data for all effective moisture and solute diffusivity as:
e avg e f D D t t t (9) where t f is the final process time. D e,avg for moisture and solute content, can be also calculated as average of D e obtained using process data, when time intervals are equal [35] .
The diffusivity dependence on the temperature can be represented by the Arrhenius type equation RESULTS AND DISCUSSION Table 1 shows changes in WL, SG, and a w responses in the meat samples during osmotic dehydration for 1, 3, and 5 h of osmotic dehydration process.
WL is increased with the increase of all treatment variables (concentration of the osmotic solution, time and temperature of the process). The maximum value of WL was achieved, after 5 h, for sugar beet molasses+NaCl+sucrose solution concentrated to 70 mass%, at maximum concentrations was 0.481±0.048 (Table 1 ). The huge difference in osmotic pressure between hypertonic solution and the immersed meat tissue causes the vast initial loss of the water at the beginning of the dehydration process.
The SG value indicates the degree of penetration of solids from hypertonic solution into the meat sample. Table 1 shows that SG increases with immersion time, with the increase of the concentration of osmotic solution and with the increase of the temperature of the process. Increase of all of this variables leads to the increased mass transfer of the solids from the osmotic solution to the osmo-dehydrated meat tissue. The aim of osmotic dehydration is the achievement of as low as possible solid uptake, and the most acceptable results were achieved by using molasses+NaCl+sucrose solution concentrated to nearly 70 mass% (0.14 g/g initial sample weight, (i.s.w.)), after more than 4 h of osmotic process. These results of the solid uptake of the pork meat are similar with the results of SG of the osmodehydrated fruits and vegetables [19] [20] [21] .
During the osmotic dehydration process, total mass of the meat samples was evidently reduced. Table 1 shows that mass reduction (MR = WL -SG) is most intensive in the first hour of the process, and after 3 h the highest value was achieved. At the end of the process, MR value decreased. The larger MR (0.347) was observed after 5h of osmotic dehydration process, using 70 mass% solution at 50 °C.
To determine optimal condition for the osmotic dehydration water loss/solid gain ratio, also named dehydration efficiency index (DEI = WL/SG) must be considered. High value of DEI is the most important indicator of the effectiveness of osmotic dehydration treatment. The increase of the concentration of the osmotic solutions, the temperature of the process and the duration of the process have led to the increase of the DEI values, indicating that the biggest efficiency of the process is at the maximum values of the treatment variables (c = 70 mass%, T = 50 °C, t = 5 h; DEI = 3.59). Table 2 shows the ANOVA calculation regarding the response models developed when the experimental data were fitted to a response surface. The response surface used a second order polynomial (SOP) in the form of Eq. (8) in order to predict the function f k (Eq. (7)) for all the dependent variables.
The analysis revealed that the linear terms contributed substantially in most of the cases to generate a significant SOP model. The SOP models for all variables were found to be statistically significant and the response surfaces were fitted to these models. The linear terms of SOP model were found significant, at 95% confidence level, and their influence was found most important in all model calculation.
ANOVA test showed the significant effects of the independent variables to the responses and which of responses were significantly affected by the varying treatment combinations (Table 2) .
According to ANOVA, WL was significantly affected by all process variables, treatment time, temperature, and concentration, at 99% confidence level. The main influential variable seems to be the treatment time. Quadratic terms for treatment time was also significant at 99% confidence level, while quadratic terms for temperature and concentration were found significant at 90% significant level. SG most strongly responded to liner term of osmotic time, at 99% confidence level, while temperature and concentration reached the same confidence level. Quadratic terms for osmotic time and temperature are significant at 95% level, while concentration term seems to be insignificant. The treatment time was also the main influential processing parameter for water activity. The temperature's linear term was marked statistically insignificant, during ANOVA test, while time and concentration terms were significant at 99% level. The only significant quadratic term seems to be treatment time (at 99% level), while temperature and concentration quadratic terms were insignificant.
Also shown in Table 2 is the residual variance where the lack of fit variation represents other contributions except for the first order terms. All SOP models had insignificant lack of fit tests, which means that all the models represented the data satisfactorily.
The coefficient of determination, r 2 , is defined as the ratio of the explained variation to the total variation and is explained by its magnitude [38] . A high r 2 is indicative that the variation was accounted and that the data fitted satisfactorily to the proposed model (SOP in this case). The r 2 values for WL (98.411), SG (93.357), and a w (92.433), were found very satisfactory and showed the good fitting of the model to experimental results. Table 3 shows the regression coefficients for the response SOP models of WL, SG and a w used by Eq.
(8) for predicting the values at optimum conditions. Optimization of the process of osmotic dehydration requires obtaining high values of WL, along with obtaining low values of SG and a w . Using these values, the contour plots of WL, SG and a w were plotted and superimposed to ascertain the optimum osmotic dehydration conditions for pork meat cubes, used in the experiment. Figure 1 shows the superimposed graph of the dehydration conditions of pork meat in osmotic solutions. An optimum operating area was derived and crosshatched and point A was deduced by approximating the optimum position in obtained area on graph. Moving point A to the left of the obtained area, by decreasing osmotic time, would lead to the increase of temperature coordinate, and also solution concentration, and translating this point to the right, would result in process temperature enhancement, while decreasing of processing time and solution concentration. Optimization of the dehydration process is performed to ensure rapid processing conditions yielding an acceptable product quality and a high throughput capacity. The coordinates of the optimized point in the temperature, time concentration plot ( Figure 1) were: 40 °C, 3.7 h and 63 mass%. These coordinates represent the optimum conditions for osmotic dehydration process for pork meat, in sugar beet molasses+NaCl+sucrose solution.
Contour plots (Figure 1 ) of both WL and SG showed that maximum value was slightly lower than the upper right corner of the plot, tending to grow with temperature and processing time. The value of a w decreased with the increase of all process parameters. For the osmotic dehydration of pork meat cubes in this study, the optimum conditions would have to be similar to the operating conditions from literature and meet the desired product specifications [24, 39] . The desired responses for the optimum drying conditions in sugar beet molasses+NaCl+sucrose solution were found to be: WL = 0.46, SG = 0.15 and a w = 0.79.
To determine the adequacy of the SOP models, independent experiments were performed at optimum conditions for validation, [38] . Table 4 shows the model validation results. As shown in the previous ANOVA Tables 2 and 3 , the predicted values were comparable to the actual values in the experiment. Very good coefficients of variation (CV) of less than 10% for all process variables were calculated. CV values higher than 15% for response variables show great influence to the statistically minor significance of its SOP model [38] . The low CV values for response variables WL, SG and a w indicated the adequacy of these models.
The effective diffusivities of water loss and solid gain were calculated by Eqs. (5) and (6) (9), are presented in Table 6 , according to osmotic dehydration process conditions. These coefficients were determined and the effects of process parameters (concentration and temperature) on these coefficients were modeled by using non-linear regression analyses. Osmotic pressure gradient is the driving force for osmotic mass transfer. As seen from Table 6 , this driving force depends on concentration and tempe- rature of the osmotic solution. The enrichment in osmotic solution concentration increases this gradient and also the driving force. The transport coefficients for water loss and solid gain (D e,avg ) rise with an augment in osmotic solution concentration due to change in the physical properties of the food (such as porosity and cell permeabilization). These coefficients decrease in time, to the end of the osmotic dehydration process, as seen from Eqs. (5) and (6) . The concentration of osmotic medium is more pronounced in affecting the diffusion coefficient that the temperature. Evaluated data for activation energy are represented in Table 7 . Activation energy, for both solid and water transfer is getting lower when the solution concentration rises. 
CONCLUSIONS
The RSM algorithm was used to optimize the osmotic dehydration of pork meat cubes, in sugar beet molasses+NaCl+sucrose solutions, utilizing WL, SG and a w , as responses. SOP models for all system responses were statistically significant while predicted and observed responses correspond very well. The optimum dehydration process parameters were found by superimposition of the contour plots of all responses.
Treatment time was the most influential process parameter for all system responses (WL, SG and a w ) while temperature and concentration were also influential process parameters but less in comparison to the time for all system responses.
During osmotic dehydration of meat, the water removal process is the most intensive at the beginning, and after 3 h had tendency of stabilization.
Optimum process parameters, for osmotic dehydration in sugar beet molasses+NaCl+sucrose solution were evaluated using RSM, with regards to maximum of water reduction of 0.6 w/w, and the ratio WL/SG = 3.0, as: 40 °C, 3.7 h and 63 mass%. Obtained system responses were: WL = 0.46 mass%, SG = 0.15 and a w = 0.79.
Transport coefficients, for both solid and water transfer rise with an augment in osmotic solution concentration, while increase of the concentration have lead to the decrease of the E a for both water and solids. The highest diffusion coefficient for transport of water observed was 1.99×10 -9 and 1.93×10 -9 m 2 /s for transport of solids, both recorded at temperature of 50 °C and sugar beet molasses+NaCl+sucrose solutions concentration of 70 mass%. The maximum activation energy were reached at 20 °C, 85.338 kJ/mol, for water transport, and 84.919 kJ/mol for solid transport.
Considering obtained results it can be concluded that this solution is satisfying osmotic agents regarding the OD results, expressed as mass reduction and DEI were achieved using solution of complex content of sugar beet molasses+NaCl+sucrose as osmotic agent.
A new environmentally friendly value has been added to the molasses, which is a by-product of sugar beet production, by extension of its usage as a substantial part of osmotic solution in a low energy required process of osmotic dehydration. 
